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FOREWORD

This is the fourth quarterly report of work performed under Contract
AF 04(611)-11205, Program. Structure 750G, AFSC Project 3058. It covers the
period 1 Juna 1966 through 31 August 1966.

This program is being conducted by the Liquid Advanced Technology
Department of Researth and Technology Operations, Aerojet-General Corporation,
Sacramento, California. The program is being directed by Dr. C. M. Beighley,
Program Manager. Mr. M. J. Ditore is project manager, and Mr. J. O. Hartsell
is tha project enginesr. Lt. A. Tatkenhorst is the Air Force Project Engineer
at the Rocket Propulsion Laboratory at Edwards Air Force Base, California.

The authors wish to acknowledge the services of personnel of the Aerojet-
General physics laboratory, under the direction of Mr. R. Keith, during the
engine testing phase., In addition, the data analysis provided by Messrs.

R. M. Thomas, P. J. Petrozzi, and J. I. Ito is greatly appreciated.

This report contains no classified material extracted from other classified
documents. Publication of this report does not constitute Air Force approval of

the report's findings or conclusions. It is published only for the exchange and
stimlation of ideas.
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UNCLASSIFIED ABSTRACT

Studius were conducted to quantitatively evaluate the effects of liquid-
engine design and operating parameters on two-phase flow performance losses using
an N»0 /Alumizine=gel propellant combination. The theoretical-experimental
efforts, conducted concurrently, consist of performance evaluations covering a
range .of variables sufficiently wide to provide an adequate basis for specific
impulse prediction for. large-scale engines.. The theoretical analysis was made
of two-phase. flow performance losses resulting from the existence of aluminum
oxide in the nozzle exhaust. Particle samples, collected during each 2K engine
test, are being analyzed to determine the representative particle size and dis-
tribution data for the analysis. A one-dimensional gas-particle flow analysis
is being used to determine the performance losses. Preliminary computations
indicate that the use of the mass median for particle size classification yields
performance losses comparable to those derived when the particle distribution is
used. in the. analysis. Forty-two 2K engine tests were successfully conducted.
Soma of these tests were performed to resolve the feed system pressure-oscilla-
tion and hardware erosion problems encountered in early experimental testing.
Observed specific. impulse efficiency was nominally 87%. The range of efficiency
variation, with one exception, was :1% depending upon operating conditions. A
minimum specific impulse efficiency was observed for a chamber pressure of
500 psia, an.L¥ of 33, and a chamber contraction ratio of 3. Two-phase flow
performance . losses wera calculated to be nominally 2% of the theoretical specific
impulse and.further, the influence of design and operating variables on two-
phase flow performance were found to bein significant at the sea level expansion
ratio.. The single .most significant loss was determined to be energy release loss;
the absolute magnitude varying with engine design, but was found to be insensitive
to mixture ratio or chamber pressure.
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SECTION I
INTRODUCTION

A. OBJECTIVES

The primary objeetive of the program-is to demonstrate the altitude
performance of the Naoh/klum.zine-hS propellant at three different mixture
ratio combinations, three diffarent nozzle expansion ratios, and at the 15,000~
lb-thrust level,

The secondary objective is to quantatively evaluate the influence of
engine design and operating variables upon two-phase flow performance losses and,
also, overall peffomance. Two-phase flow investigations will be conducted at
the 2,000-1b-thrust level. The experimental results, in which two-phase flow
performance losses have been determined, will be compared with theoretical per-
formance predictions. Results of these correlation studies will be used in
predicting twe-phase flow performance lcsses associated with optimized 30K and
100K engine designs using Naoh /Alumizine propellant, BExisting analytical
techniques are to be refined as appropriate to enhance performance prediction
techniques.

Bo TECHNICAL APPROACH

The ovsrall objectives of the program will be accomplished by combined
theoretical-experimental efforts directed towards evaluation of effects on perform-
ance resulting from hetrogeneous combustion products containing liquid-solid particles
of aluminum oxide. The primary objective will be accomplished through experimental
investigations using an existing 15,000-1b-~thrust chamber and injector design
developed under Contract AF OL(694)212. Actual testing will be conducted at

Page 1
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simlated altitude conditions. These tests will be conducted at an operating
chamber pressure of 1500 psia and at mixture ratios of O.l4sl, 0.631 and 0.,8:1,
For each mixture ratio, two tests are scheduled using a nozzle expansion ratio
of 50:1 ana 100:1, Two additional tests, to serve as system calibration tests,
will be conducted at a mixture ratio of 0,63l and a nozsle expansion ratio of T:l.
A1l tests of the 15,000-lb~thrust engine will be conducted in the altitude
facilities at Arnold Engineering Development Center in Tullahoma, Tennessee.
Testing of these engines at simulated altitude is scheduled during November and
December, 1966,

The major tasks necessary to accomplisn the secondary objective
includes

1. Design, fabrication and assembly of the necessary test equip~
ment, A major effort was expendsd in the aogquisition of a portable, fuel feed
system suitable for use with gelled propellants and capahle of providing mass-
flov requirements for both 2K and 15K engine tests. In addition, designm,
fabrication and assembly of 2K engine components along with manufacture of the
alumizine g=1 propellant was accomplished as part of this task. The 15K chamber
and injectors were available; however, chamber insulation and noszle components
Jere to be designed and procured in this effort.,

This task is approximately ninety percent complete in that

fabrication of the engine components required for the remaining altitude tests

will be complsted early in the next report period. The fuel feed system, engine
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components and other test equipment have been described in previous quarterly
reports References (1), (2) and (3), howrver, for convenience, a cursary descrip-
tion may be found in Section III,B.2. of this report.

2. A pre-experimental analysis to determine performance losses
other than those attributed to two-phase flow. This task was to be accomplished
80 a3 to.establish the parformance level anticipated prior to actual experimentasl
testing and to establish the magnitude of effects of chamber/injector inter-
actions resulting from the specific ccmponent designs. In addition, evaluation
of engine exhauat sampling techniques to determine both particle size and
distribution was included in this task.

This task had been completed early in the program. The numerical

procedures. used in the analysis and results obtained were reported in Reference (2).

3. Conduct experimental investigations, using 2000-1b-thrust engines,
to detarmine performance characteristica for various thrust chamber designs and
operating conditions. In particular, these experiments are performed at sea
level and simulated altitude conditions to experimentally demonstrate the influence
of both design and operating conditions on two=phase flow performance losses.
As such, exhaust samples are collected from each engine firing to determine the
size and distribution of aluminum oxide existing in the exhaust., These data
will then be used directly to compute two-phase flow losses and subsequently to
establish. performance trends,

L. Conduct extensive data analysis and correlation studies to evaluate
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the influence of each design and operating parameter. This task includes utility

of results of subscale experiments in conjunction with the interaction theory, -
described in Reference l, to predict the altitude performance of the 15K engines
tested. Also, the sea level specific impulse (or efficiency) of the 15K engine

tested during the Titafx Predevelopment program, Contract AF 04(694)212 will be

E predicted. Performance losses attributed to particles contained in the exhaust

will be determined for both 2K and 15K engine designs. The results will be
incorporated in the overall analysis to establish the effect of engine sigze and

thus allow performance prediction of larger size engines.

Included in this task is a supplementary effort dirscted towards
improvement or refinement of existing methods of analysis to determine individual
or combined performance lcsses. In particular, the one-dimensional gas-particls
flou-computer program was modified to include the influence of particle distribue-
tion and the effact of particle solidification. A complete discussion .of the
numerical procedure including the specific computer program modifications were
presented in Reference (3). Further, the method of determining performance
losses due to friction and heat transfer in the chamber have been improved. The
1 details of the present methods are presented in Section III.A of this report.

. Further refinement of existing methods of analysis is considered a continuing
effort during the period of this program,
5. Evaluation of maintainability and durability of engine components

used during the experimental phases will be documented for future reference and
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for experimental evidence of material integrity when exposed to the thermal
environment of Nzoh/Alumizine propellant exhausts,

SECTION II

SUMMARY |

To date, a total of forty-two test firings have been conducted, using a
2000-1b-thrust engine, to demonstrate the performance characteristics of
Nzoh/uumizine-gal propellant combination. These sea level tests were performed
at the physics laboratory of the Aerojet-Ceneral Corporation., Nozzle exhaust
samples were obtained from each test and analyzed to determine the size and
distribution of aluminum oxide particles contained in the exhaust. These data
were then used to establish the two-phase flow performance losses.

Subsequent to initial data analysis, the method employed for analysis of
particle samples was i'eviewed. Various methods of counting the mumber and size
of particles observed from both the electron and optical microscope were compared
to determine the optimum method of analysis. It was found that; in most cases,
elimination of particles having a size of 0.5« or less did not influence the
calculated two-phase flow performance and therefore can be ignored in arriving
at the mass median particle size. Further; it was determined that a minimum of
1000 particles are to be counted to insure survey of a representative sample.
The differences in mass median particle diameter between viewing the .gollected
samples using an optical and an electron microscope were significant. The
observed anomaly is attributed to the restricted field of scope (70 u ) when

using the electron microscope. In observing the samples with an electron micro=-
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scope, care should be exercised in selecting a field which is considered to contain

a representative distribution of all particle sizes. Since this approach would v

necessarily include a human bias, several locations of the sample should be

photographed and subsequently pooled to assure reliable results. T
Performance data observed from the sea level tests were selected so as to

avoid those tests which experienced either pressure oscillations and/or hardware

erosion, .In all cases, engine designs including ATJ graphite chamber and nozsle

inserts did not experience sufficient erosion to influence performance. Gain

stabiligation was effective in eliminating pressure oscillations for all engine
designs and operating conditions without component modifications, with the excep- i
tion of one condition. Stabilization of the 90 7 engine design operating at a
chamber. pressure of 1500 psia would require major modification of the design of
the injector., This modification would influence combustion characteristics and
thus preclude reliable performance correlation studies. This test condition was
therefore eliminated from the original test plan without loss of generality of

program results,

The performance losses attributed to a hetrogeneous exhsust were deter-
mined. It was found, based on analysis of exhaust samples collected, that per=-
formance losses Were nominally 2% of the theoretical value. Also, variations in
two-phase flow performance losses were, in most cases, observed to be within
experimental accuracy. Therefore; although trends in performance losses are
indicated, the results will require further substantiation. In general, the
influence of design and opsrating conditions on two-phase flow performance losses .
may be considered negligible. This conclusion will be verified during the

Page 6
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scheduled altitude tests which will be conducted at liarger expansion ratios. In
addition, the effect of particle agglomeration within the nozzle (if any) will
be determined by comparison of particle_size and distribution observed between

sca level and altitude firings,
SECTION III
TECHNICAL DISCUYSION

A.  ANALYSIS
1, General

The analytical techniques;, used in conjunction with quantitative
performance demonstrations, have the unique features ofs (1) evaluation of
individual losses associated with the particular injector/chamber configuration,
(2) determination of the interactions between each parameter contributing to the
inherent degradation of performance, and (3) establishing the variation in particle
size and subsequent two-phase performance losses as a function of design and
operating conditions,

The general methods adopted for numerical evaluation of individual
performance losses were presented in References 2 and 3, whereaa the interaction
theory is discussed in detail in Reference L. In general, the method of
analytical performance prediction is not dependant upon the thaoreticelly or
erpirically determined thrust coefficient and characteristic velocity. As such,
it provides more accurate determination of individual system performance losses
and;, thus; overall performance.

The basic elements of theoverall technique involve estimating

the magnitude of various performance losses and subtracting them from theoretical

Page 7




Quarterly Report No. 11205-Q-4

shifting-equilibriun performance. The resulting value is then compared with
experimentally determined specific impulse' to establish the magnitude of loss
attributed to incomplete mixing and combustion for a specific injector-chamber
design. This loss, which can not be computed directly, is identified as energy
release loss.

The correlations resulting from analysis of various engine
configurations provide the basic information necessary to evaluate the inter-
active influence of any one or & multiple of paramsters on_ system performancs.
Using these data, derived from studies of the interaction of design variables
and operating conditions, the performance of full-scale engines can be accurately
predicted. |

An important aspect of performance evaluation of the
uzoh/umsm-ha propellant combination is the loss in system kinetic energy
caused by formation of aluminum oxide in the combustion process. In particular,
the iiquid-so0lid particles contained in the exhaust, while increasing the thermal
energy of the system, will not remain in equilibrium with the gaseous species
and will; therefore, degrude performance.

Reevaluation of individual performance losses, in compliance
with new techniques, as well as determination of the loss in two-phase flow,
has. comprised a major portion of the analytical effort expended to date.
Specifically, the methods of computing chamber heat transfer and friction have
been revised and used in the data analysis of sea level tests. In additiom,
the methods of determining particle disiribution and size have been refined to

Page 8
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facilitate accurate prediction of two=phase flow losses. The following subsections
present detalled discussions of modifications made to the analyses and to the
methods employed in particle size determination.

2. Methods of Loss Analyses

as Chamber Friction Loss

Viscous shear drag on the chamber wall results in a loss in
thrust for the total engine system. For most engines having practical utility,
the. chamber friction loss .can justifiably be neglected dus to the low subsonic
gas.velocities in the chamber and the low ratio of chamber surface area to engine
weight flow.rate. In the subscale hardware used in this program, however, this
loss is not negligible., The large characteristin lengths (L*) and small con-
traction ratio of the subscale hardware result in a large chamber length to
diameter (I/D) ratio for which boundary layer effects become significant. The
original estimate of this loss was calculated assuming one-dimensional pipe flow
through the chamber. A more rigorous method of analyzing tae chamber friction
effacts has. heen completed wharein determination of frictic.a drag is related to
boundary layer deve.opment which inturn is a function of chamber length. The
numerical method ie as followss

The incompressible flow vslocity distributicn in a pipe

for non-fully developsd turbulent flow iss

afr) £ |R=r R-5<r<R
US‘) S ¥hen G r¢R-§ (A-1)
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where
u(r) = Axial gas velocity at radius, r
U, = Free stream velocity
R

S1

n~1 = Velocity profile exponent

Chamber radius

Velocity boundary layer thickness

The velocity profile exponent (1/n) is dependent upon Reynolds Number as shown
in Table A-I.

TABIE A-1
Velocity Profile Exponent For High Reynolds Number Flows

2 x 10% o 3 x 10° to 8 x 105 to 2 x 10°
R
e | 34105 8 x 10° 2 x 10
n 7 8 9 10

The displacement boundary layer thickness, 8 1° in an
axisymmetric pipe is defined bys

R
Sl:f 1-5&?] £ (A-2)
0
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Subatitution of equation (A-1) into equation (A-2)

yieldss
2

g = & § (A=3)

1 %I W (m+1)

Similarly the momentum boundary layer thickness; 0, in
axisymmetric nipe flow ip defined bys

, R
_ ]
SR RS I )
(4] o Z

Solution of the integral using equation (A-1) yieldss

9“8‘,. n =i | n (*"5)
& LW+ Iin+2) 2R {m+1I){en +1j

The cusulative chamber wall drag, D, is taken to be equal
and opposite to the drag upon thg fluid in the cylindegy so thats

R R
-
D= f [Uo - u('r):l f’Lu(r) } 27T dr (a~-6)

(o]

where/a S fluid dengity.
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Equation (A-6) can be rearranged tos:

R
D= (gfﬁ’r)(fvog ( r)) [1 _Eél).} .Edr (A-17)
v/ o o

o

But the integral in equation (A-7) is simply the momentum boundary layer thickness.
Therefore, the following relationship was used to calculats chamber drag.

Dz (TR LU0 (a-8)

Equation (A-8) shows that the drag is only a function of the chamber wetted
perimeter, dynamic pressure, and momentum thickness., Furthermore, it should be
noted that the free stream velocity, Uo’ varies in its relationship to the mean
velocity, u, with the velocity boundary iayer thickness.

- [ 2
u__ §, 2 1
3: -Ll-ﬁ(n+1;*(§) (2n + 1)

For the purpose of this preliminary analysis, one additional
sinmplifying assumption was made that the velocity boundary layer grows at the
same rate as.for the velocity profile with the 1/7 power law (validity of this |
assumpticn requires further evaluation).

o2

8§ (x)= .37 xR, " (A-9)

b 4
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where
- R - ./oﬁx
Ox AL
A = viscosity
and

LT = g/

Equation (A-9) was therefore rearranged in the forms

W% 57 S

]

2 _6 .8
.37 (7—%“_-‘—) B x (A-10)

8.0 _

R =

The velocity boundary layer thickness calculated by
equation (A=10) was then substituted into equation (A-5) to determine the

momentum thickness for equation (A-8).

? Evaluation of chamber gas flow Reynolds Numbers indicated
the use of the following values of n for given test conditions.
P
—Ci B
1500 9
1000 8.5
500 8

Frictiomil drag in the convergent portion of the noszle
was evalusted by dividing ths convergent portiom into four conic frustums. A

mean diameter was gelected for each frustum and treated as a cylindrical section,
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Mean gas densities and gas velocities were selected corresponding to the mean
coantraction ratio of each saection. Incremantal drag due to each segmesnt was
then calculated in the abova manner and added to determine cumulative drag.
Although incompressible flow equations were used, the error is not expected
to be significant since adjustments were made to the densities in each of the
convergent segments. Cumlative cylindrical and convergent chamber drag force
was then divided by total propellant flow rate to determine specific impuise
loss due to chamber friction.

b. Chamber and Nozszle Heat Loss

A major performance loss inherent in the particular subscale
hardvare being used in this program is that due to heat absorption by the
graphite chamber and noszle components. The net effect of this absorption is a
lowering of the stagnation enthalpy of the combustion products and, thus, a
reduction in the potential energy available for the nozzle expansion process.

The calculation of this lose has, to date, been accomplished
by considering the chamber and nozzle regions separately. Chamber heat loss was
evaluated by incrementally determining the transient chamber wall temperature in
one radial co-ordinate and multiplying the gas side heat transfer coefficient
by the temperature differential between this wall temperature and the gas recovery
temperature. Assumptions made in this analysis were:

= Axial heat transfer through the graphite chamber walls

as insignificant in comparison to the radial component
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since the radial temperature gradient greatly exceeds
that in an axial direction.

= The graphite wall is initially at a uniform (ambient)
tempersture throughout.

= The heat flux determined by the heat transfer coefficient
and the driving potential at the graphite surface is
edual to the produéf of the graphite thermal conductivity
and the radial temperature gradient at the inner wall,

- The outside wall of the graphite is insulated. (This
lagt assumption is valid due to the thick walls of the
graphite liners and the short duration firings.)

The total chamber heat loss was calculated by summing the local heat flux and
incremental chamber sx;.rface area. Total performance loss was derived by expand-
ing the reduced -~ enthalpy chamber products to the exit area ratio of the nozzle,
and_comparing thess results with theoretical calculations assuming 100% com=-
bustion.efficienty. .The equations used in this procedure are as followss

The gas side heat transfer coefficient was determined from

Barts's equation

‘20 w T .8

h = 026 A T e
g = -——g b L8 (B-1)
WP VL R
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0
[[]

vhere Gas side heat transfer coef., Bm/ing-sec-'R

Diameter, in.

X =

Viscosity, 1b m/f't.o-sec

= Specific heat, Btu/lb -°R

'ﬂ,uo

= Prandtl Number

e ]

3

W. = Gas flow rate, 1bm/sec
A 2 Area, ing
’1'“ = Free stream gas temp., ‘R

Tam - Arithmetic mean temp., °R (Ir ; Twg)

Tr = Oas recovery temp., °R

ng = GQas side wall temp., °R

and where the transport properties are evaluated at the arithmetic mean
temperature,
Having calculated the heat transfer coefficient by

equation (B-1), it was used to determine the dimensionless Biot number:

Bi = (hg r,/k) (B-2)

where r, = Outer radius of graphite wsll, in.
k = Graphite thermal conductivity, Btu/in.-sec-‘R
The time variable is also made dimensioniess by introducing
the Fourier Numbers

g
(1}

< t/rg (B-3)
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where oC = Graphite thermal diffusivity, in2/sec
t 2 Time, sac

One additional parameter; the inner wall radius to outer

wall radius ratio, is required.to graphically determine. the. inner wall temperature
from Reference ( L ) using the Biot and Bourier Numbers.

If the wall temperature thus calculated does not agree
with the assumed wall temperature used in equation (B=1), further iterations
may be required until convergence is achieved.. It should be noted thet all
transport properties are temperature dependent. _ ‘

The heat flux in the nozzle.convergence was calculated

by dividing the zone into. four segments and calcnlating the heat flux at each
section and nultiply‘ing by. its corresponding surface area.
The total chambar heat loss was then calculated by summing

the local heat flux and incremental. chamber surface area.

QO = Z hgi('rr = ng)i &i

To svaluate the effact of chamber heat loss u,on engine

spacific impulse the reduced temperature option ef the Chemical Composition
Program (Ref. L ) was used to determine the effect of enthalpy decrease in the

chamber (at Mach number zero) to reduced flame temperature (AH/AT).

Q
AT T Gl (B-kt)
cham, ht. loss wT ( AR/ AT)
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The reduced 3pecific impulse at the applicable exit area

ratio corresponding to the temperature reduction of equation (B-l4) constitutes

the chamber heat loss in terms of specific impulse. Since specific impulse loss

increases in the nozzle with increasing exit area ratio for a given temperature
reduction, chamber heat loss is one of the interaction losses.
ce Kinetic losses

There is a performanze loss associated with the condition
that chemical equilibrium is not maintained throughout the expanaion process.
In rocket engines, the temperatures in the chambers are such that many of the
species present dissociate. In the ideal case, these species are assumed to
recombine as the temperature decreases in the expansion process. In practice,
however, the temperature and pressure change in thg expansion is frequently
too rapid for recombinztion reaction to be completed; thus, the useable energy
. 1s not returned to the system and a performance loss results.

With the chamber pressures of interest in this study,
it was originally assumed that recobination losses would; in all cases; be
insignificant. The data of Reference 5, however, indicated that significant
losses could occur in the cases of low chamber pressure (500 psia) and high
area ratio (50:1 or 100sl). To verify or refute the original assumption, an
analysis was conducted during this report period in which the recombination
losses were calculated for the cases in question,

The method of analysis employed consisted of a modified
form of the Bray Sudden Freesing Criteria discussed in detail in Reference 2.
Essentially, this newer method calculates the nossle freesing point through
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a consideration of the reaction rates. of each specie in the expanding gases,
This technique, as oppased to the former method in which. the reaction rate of a
single "dominant® reaction is considered, was found to provide a nozszle freezing
point nearly in agreement with the rasults of a more exact non-equilibrium flow
program developed by United Aircraft under contract NAS 3-2572 (Reference é )e

Once the nozzle freezing point was known for the desired
conditions of chamber pressure and mixture ratio, the differences in performance
between the case with freeging and that withoutf freezing were established at each
of the higher area ratios. Figure 1 shows the respective curves of specific
impulse versus area ratio for a chamber pressure of 500 psia and mixture ratio
of 0.6. It may be seen.that the total performance loss due to incomplete recombin-
ation in the expansion process is approximately 0.16% at area ratios of both
50s1 and 100:1.

Similar analyses were performed for engines operated at
chamber pressures of 1000 psia and 1500 psia., In both cases, the performancs
loss due to incomplete species recombination was found to be less than that for
the engine operating at 500 psia. It was thus concluded that the original
assumption of insign;ficant.kinetic-losaes.was valid for the engines under
consideration.

3. Particle Sisze Analysis

One of the primary objectives of this program is the determination
of the effects of variable engine parameters on particle size and the resulting

two=-phase flow performance loss. As a consequence, considerable effort has been
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expended in pax‘-fhicla collection and particle size analysis., The method adopted
for exhaust plunilia sampling has been discussed in detail in psst reports
(References 2 and 3) and is reviewed briefly in Section III.,B.2.d. The purpose
of this section is to present recent findings in the area of particle size and
distribution determinati-..
a. General Sizing Technique

In all subscale sea level tests, particles were collected
on three Gelman GM-li Metricel filter papers. After each test, the three filters
were prepared for particle counting in. the following manner. First, a nariow
wedge, extending from the edge to somewhat past the center, was cut from each
filter. This wedge was then placed in an evacuated chamber (Vacuum coater)
where a thin film of carbon was deposited normal to the filter surface. (This
carbon film was applied as a support for the particles and not for particle
shadowing.) Next, a small sguare was cut from the carbonized wedge. Acetoiie
was apblied to this square to dissolve the filter paper, leaving only the carbon-
particle film,

A 1/8 inch diameter circls of 200 mesh copper screen was
then placed under this carbon substrate containing the oxide particles. This

copper grid assembly was placed directly in the slectron ni'croscopee

The sample was enlarged 1600 times in the electron microscope.

At this magnification, one mesh in the copper grid filled the viewing screen.

Photographs were made of the first mesh encountered in the viewer which was com-

pletely covered and whose particls concentration was thin enough to allow resolution
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of the individual particlas. Sufficient pictures (four) were taken to completely
cover the one mesh. The negatives obtained were printed on rectanguiar glass
plates designed for use in a photograph. enlarger. Adjustments were made so that
a 1 micron particle measured.l cm on. the enlarger projection, thus giving an
overall magnification of 10,000,

Particles were counted from the enlarged projection using
a centimeter scale to measure particle diameters. Each diameter was recorded
directly on a computer input sheet and the image of that particle marked on the
projection to ensure against recounting the same particle, In order to further
minimize any tendency toward biasing the sample through selection of the picture
to be counted, all counts were made on the first picture in a plate, beginning
at the left side and counting to the right until sufficient particles were
recorded. In most cases, less than one-half of the first photo was used to
complete the count.

Initially, 500 particies of all siszes down to and includ-
ing 0.05 microns were counted from each filter sample. It was found, however,
that the clarity of the picture affected the number of particles counted that
were of a size large enough to affect the calculated mass median (0.2 microns
and larger). In those cases where the smallest particles were clearly defined,
the majorit:r of the particles counted fell within the 0.2 to .05 micron range,
This was due to the normal presence of a far greater number of smaller partigles
on the samples. When the small particles were agglomerated or less clearly
defined, the count included a greater distribution of particles 0.2 microns and

larger. This latter situation was statistically desirable, since the calculation
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of the mass median could then be made from a sample contsining a moderate amount

of large size particles.

To ensure that the pariicle -~ount of irsiuanlia’ particles

(those that are large enough to significantly affect the mass median) was con-

sistent, a procedure was adopted whereby a minimum of 3zl particles of 0,2 microns
and larger were counted per filter sample. A background counuv of the smallest
particles was then obtained by counting the smaller pariicles in a representative

area and then extrapoclating this data to the total area over which the larger

particles were evaluated.

The particle sizes recorded on the computer input sheets
were transferred to punched cards and processed on arn IBM 1130 computer. The
program utied first sorts the particle diameters into groups with 0.2 micron
increments and then calculates particle statistics from this classified data.
The statistics calculated are the number (En) and mass (-&m) means as wall as the
calculative percent mass for each diameter classification. The mass median (am d)
is determined graphically by plotting a cumulative mass versus particle diameter
~urve.and reading the diameter corresponding to 50% of the mass.

The procedure described in the preceding paragraphs was
that employed in deriving the paiticle size information presented in Section

III.¢. Following completion of the sea level tests, several aspects of particle
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sample measurement were investigated for the final analysis phase of the program.
The results of some of these studies have been instrumental in bringing about a
re-svaliation of the techniques employed to date. The areas of analysis and the
results. obtained are presented in the following sections,

b, Effect of Small Particles on The
Calculated Mass Median

The objective of this study was to determine the effect of
the smaller particles on the particle mass median derived empirically from plota
of sample distributions, To accomplish this objective, the original particle
counts for tests 2K-1-117, 2K-1-126, and 2K-1-136 (Figures 2, 3, and L respectively)
were modified by progressively deleting the smaller particle classifications. The
modified distributions were then analyzed to determine the relative change in
particle mass median.

Having obtained the mass median for each modified distribu-
tion, the one-dimensional two-phase flow computer program was employed to
caln;ulate_ the variance in specific impulse loss as a function of the size
particles deleted. The results of this work are shown in Table 1. The maximum
change in mass median due to the elimination of all particles 0.5 microns and
smaller was found to be 0.31 microns, corresponding to a change in specific
impuise loss of O.4L%. (As shall be seen in Section III.C. a variance in
specific impulse of 0.50% represents the maximum deviation due to eiperimental

data scatter. Elimination of particles less than 0.8 microns would in some cases
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TABLE I

EFFECTS OF SAMLI, PARTICLES
(A1l particles £ D, deleted)

= Mass PFraction of £ Is
Dp 9med  Particles Doleted Loss (Nom.)
0 1.1 0 2,17
o2 1,72 0004
A 1.73 .0100 2.20
6 1.75 0360
8 1.78 0779 2,28
0 1.29 0 1.51
2 1.31 0210 1.56
A 1,37 0711 1.65
6 1.4k 1517 1.7h
.8 1.52 2393 1.86
o2 1.11 ,0319 1.43
N 1.21 «1255 1.56
o6 1.37 2389 1.80
8 1.56 3503 2,07
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" exceed this limit.) Based on these results, it was concluded that the small
particles could be ‘estimated, rather than actually counted. This was further
substantiated by additional analysis, Table II shows the results of an analysis
in which the estimated number of particles 0.5 microns and smaller. was varied
by +50%. It may be seen that the maximum change in measured mass median was
only 0.12 microns. Further, it was established from the modified curves of
Figures 2 - L that an estimate of smaller part’.cles need only be made for a
distribution in which there are few large particles.

c. Effect of Counting Technique and the
Number of Particles Counted '

The objectives of this study were first to determine the
effect of the method of counting a particle sample on the calculated mass median
and, second, to determine the effect of the number of particles counted. To
accomplish the” first of these gosls, two methods of counting were employed. The
first consisted of a total count of 972 particles (0.2 microns and larger) from
a randomly selected portion of the entire photographed sample. A comparative
count using this technique was obtained by analyzing a different portion of the
photographed siample.’

‘ The second method of counting consisted of a count of all

particles 0.5 microns and larger present in all of the particle sample photographs.

The distribution obtained in this fashion was then. compared to these obtained
using the former technique. This comparison is shown in Figure 5.
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TAELE II

EFFECT OF BACKGROUND ESTIMATE ON MEASURED MASS MEDIAN

Test No, Particies }2'035:« Disnoter
2k-1-13h 10302 1,554
. 10302 + 25% L.L9u
» 10302 + 50% 1h3u
L 10302 - 25% 1.594
» 10302 - 50% 1.66 41
™ " none 1.77/A
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The second objective was accomplished by comparing different
numbers of varticles from the count obtained using the latter of the methods
discussed above. One distribution was derived using only the first 324 particles
from each of three filters; the second was vased upon all 2597 particles counted.
The results of this comparison are also shown in Figure 5.

It may be seen from Figure 5§ that significant deviations
in the measured mass median are possible when the methed of counting employed
considers an actual count of particlas 0.5 microns and smaller and only a small
portion of the photographed sample. These deviations cccur depending upon whether
or not a full range of particle sizes is present in the portion of the sample
counted. It is apparent from the Figure that the method of counting which allows,
as a minimum, sizing of 1000 particles 0.5 microns and larger provides the most
consistant calculation of mass median.

d. Comparison of Optical Versus Electron
Microscopy Techniques

In all analyses conducted to date, the electron microscope
has been,used exclusively in the sizing of the particle samples. The decision
to use only this microscope was made early in the program and was based upon the
results of a comparative study conducted on the samples obtained during test
2K-1-107. This data, shown in Figure 6, was obtained using both the optical
and electron microscopes. As may be seen from the Figure, the variance in mass
median derived using the two techniquss was not sufficient to warrant exclusive
use of the more difficult optical method of analysis.
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With the acquisition of more particle data, a comparative |

analysis of the two techniques was again conducted using the samples from test -

2K-1-129. In addition to the optical and electron sizing by Aerojet, results i
obtained using an optical system were supplied by the Industrial Hygiene Depart- ’
ment of the Lawrence Radiation Laboratories in livermore, California. The *
cumulation of these studies are presented in Figure 7 and Table III, It may |
be seen that significant differences in mass median can exist, depending upon
whether or not the electron or optical system is used in siging., The reasons

for the magnitude of the discrepancy are not exactly understood, since the optical
system is capable of sizing particles down to approximately 0.6 microns, the

point below which no particles were counted in the elsctron techniqus and, since
the electron microscope is capable of photographing distinct particles as large !
as those measured under the optical microscope. 1'119 results have, however,

indicated the possibility of error if only the electron microscope is employed.

8. Effect of Sample Iocation on
Particle Size Distribution

In all particle analysis conducted to date, the assumption
that the particles were distributed randomly over the collecting surface of the
filters has been made, thus allowing analysis of an arbitrarily selected portion
of the entire filter. Analysis of particle samples are being conducted to verify
this assumption.

The objactive of this work will be attained by first sizing

samples from different meshs within the same grid, and second by sizing particles
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Company
Aerojet=General Corp,

Aerc jet-Oeneral Corp.
Aerojet-General Corp.

Aerojet-General Corp,
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TARLE ITI

Microscope

- Used

Optical

Electron

Electron

Opticsl

Lawrence Radiation Lab, Optical
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COMPARISON OF RESULTS FROM OPTICAL AND ELECTRON MICROSCOPES

Measured = £Is
Test No, Mass Median Loss
2k-~1-107 2.87 L.,02
2k<1-107 2,36 1 3.13
2k-1-129 1.80 4 2,35
2k=1-129 3.26 /A L.90
2k=1-129 3.26 o L.90
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obtained at differernt locations on the filter sampls. To date, only the first
of these tasks has been completed. The results of this work are shown in Figure 8.
From the results shown, it has been concluded that the assumption of a random
distribution over the surface of a single grid is valid., Completion of the
second task will occur during the next report period.
B. EXPERIMENTAL ENGINE TESTS
l, Test Plan

Performance demonstration tests using the 15,000-lb-thrust
engine are to be conducted at simulated altitude conditions. The eight basic
tests, shown in Figure 9, will provide quantitative performance evaluations as
a function of mixture ratio and expansion ratio. A precise firing date for these
tests is, however, uncertain at this time due to conditions of facility schedul-
ing of the proposed Arnold Engineering Center (ABDC) test site.

Performance testing to evalnate the effects of engine design
and operating parameters are being condneted using a 2000-lb-thrust engine., The
basic test plan for these tests is presented in Figure 10. This test plan has
been modified from that presented in the last report (Rsference 3).as a result
of analysis of sea level performance obtained to date. The scheduled sea levsl
teats were conducied at Aerojet General and were completed on 1 June 1966, The
altitude test phase for both 2K and 15K engines is presently scheduled to be
completed at AEDC by December 1966,

The first seriss of thirteen sea level subscale tests shown in
Figure 10 have been completad. In addition, the particle sise variation and
consequant two-phase flow psrformance loss has been determined through an analysis
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15K Performance Demonstration Plan
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of particlie samples collected during each test., Results of this work are reported
in subsequent sections of this report.

2. Equipment and Hardware

Past reports (References 1, 2, and 3) have included detailed
descriptions of the originally selected engine and feed system configurations
as well as Qf the modifications that have been affected since the start of
testing, For convenience; only brief descriptions of the major test items as
they now appear shall be included in this report.

a. 2K Hardware

The injectors used successfully at the 2000~lb=~thrust
leveliare similar in design to those proved succassful during the Improved Titan
Predevelopment Program (Contract AF 04(694)-212). They consist of radially-
drilled oxidizer channels feeding impinging oxidizer doublets and fuel showerhead
orifices that are fed from a fuel plenum above the N2Oh circuit,

Individual injector size requirements (dictated by the
three desired chamber pressures and two contraction ratios) have been met by
drilling the injector pattern only in that portion of the face that matches the
specific chamber cross-sectional area. A schematic of each injector size is
shown in Figure 11, In all cases; the number and size of fuel and oxidizer
orifices are the same., Only the relative spacing between orifices has been changed
in expanding the pattern from one face area to the next,

The metal (4130 stesl) chamber shells are designed to

allow versatility over a range of engine geometries (Figure 12). All shells
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are one of two lengths and have a constant internal diamster. Because of this
constant diameter, each shell can be used with any insulation insert, thus
eliminating the need for a number of individually sized and matched casing-insert
sets. The lengths, 10- and 5-in., were chosen on the basis of the desired range
of characteristic length and contraction rativ. A 10=in. casing provides 30 L*
for the assemblies with 3sl contraction ratio. The 5-in. casings provide a 30 ol
for the assemblies with a 631 contraction ratio and can be used interchangeably
with all throat assemblies. Thus, any chamber configuration can be achieved by
varying only the internal insulation and number of segments.

_The chamber and nozzle inserts are, in all cases, AIJ
commercial grade graphita. The chamber inserts are all of the same external
dimension; only the internal bore diameter and mating end contours vary depend-
ing upon the pressure level and location in the assembly. RIV=60 silicone rubber
is used to seal the liner in the metal can and to provide protection against hot
gas leaks at all joints within the engine. Additional protection against thermal
failure of the metal can is provided by phenolic seal rings at all joints and by
O-rings at each chamber interface (Figure 13). Leak protection is provided at
the chamber-injector interface by a layer.of zinc chromate putty applied during
engine installation and by an O-ring at. the mating surface of the injector and
chamber can.

The nozzle inserts employed are solid ATJ graphite. These
inserts comprise the convergent region, the throat, and the divergent section to

an area ratio of S:1. Ir all cases, the convergent and divergent angles are 15°;
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the radius of curvature bota upstréam and downstream of the throat plane is 6
times the throat radius. As with the chamber liners, RIV-60 rubber is used to
seal the nozzles in the metal can.

The sea level retainers and altitude extensions, similar
in design except for exit area ratio, mate to the graphite nozzle at an area ratio
of 5:1. A hot gas seal is provided at the graphite-metal interface by a layer
of zinc chromate putty.

b. 15K Hardware

Selection of the injector to be used with the 15,000-1b-
thrust systems was based on the results of tha injector development tests conducted
during the Improved Titan Predevelopment Program (Reference 7 ). Similar to the
injector to be used with the 2K hardware, this injector consists of alternating
rings of fuel showerhead and impinging-oxidizer orifices. The fuel is fed through
a reservoir at the back of the injector; oxidizer is fed to the orifices through
an internal oxidizer torus and radially drilled channels. '

The chamber assemblies for the 15K hardware are identical
to those phenolic components originally intended for use in the 2K tests. The
nozzles and nozzle extensions are similar to the hardware now used at the 2K
level.,

c. Test Stand Construction

(1) Fuel Feed System

The fuel feed system now used in this program is

shown schematically in FFigure l4). Basically, the flow path is as followss
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High pressure GN, (3600 psia) is fed, through a regulator, into the top of the
50-gallon RP-1 storage vessel. The pressurizeleP-l flows from the bottom of
the tank through a safety valve (ROV-6), flow meter, and into the pressurant
side of the 30-gallon gel expulsion tank. The Alumizine gel, forced out of the
tank in volumetric proportion to the incoming flow rate of RP-1, flows through a
safety valve (ROV-3), thrust chamber valve (ROV-1), flow-control venturi,
pressure-control orifice, and into the injector.. Supplementry components in the
fuel feed system consist of an automatic 300 psia. (}N2 purge connected to the

thrust chamber valve, and a manual 1500 psia ON_ purge, also plumbed into the TCV,

2
A sight glass on the RP-1 tank allows visualization of the liquid and gel content
of the system. All remote-operated valves are actuated by 28 volts DC. The
fuel thrust chamber valve is operated pneumatically; a supplementry hydraulic
gsystem controls the rise rate of the pintle.

(2) Oxidizer Feed System

The oxidizer feed system, shown schematically in
Figure 1i, consists of a large NZOh storage vessel with sight glass, a smaller
high-pressure (3600 psia) N,0), run tank, flow meter, thrust chamber valve,
flow-control venturi, and pressure-control orifice. Associated plumbing supplies
high pressure 0112 to the tanks and purge circuits. As in the fuel system, all
remote-operated valves are actuated by 28 volts DC; the oxidizer thrust chamber
valve is pneumatically operated and hydraulically controlled.

(3) Engine Mount

The 2K engines used in this program are mounted as

shown in Figure 15. The engine rests on a flaxure mounted table, which in turn
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is connected to the thrust take~out structure through an appropriate load cell.
Engine support is provided at the injector and by a cradle at the second chamber
flarge. The injector mount is fixed and connects to the engine indepsndantly of B
the chamber assembly. This arrangement allows removal of the chamber at the |
injector face, thus eliminating the need to disconnect propellant feed lines
after each test.

(4) Particle Sampler

The exhaust sampling apparatus used during 2K sea level
tests is shown in Figure 16, Essentially, this sampler consists of three Gelman
filter samplers, each located at the exit of an electrostatic precipitator
(Reference 1 - 3). A solencid-operated shutter in front of each precipitator
inlet precludes sampling of the stream during transient perioils and allows preselection
of the sampling period during stesdy state operation. The rigid'auplp'oz.'t' aﬁuctm
provides collector alignment at three discrete points in the exhaust plume.

3. Test Program Results

a. Test Summaries
As of this report period, L2 sea level 2K tests have been
conducted. The first 29 of these tests were discussed in detail in Reference 3
and will not be repeated in this report. Rather, a brief summary of the first
29 tests, plus a detailed description of the 13 tests conducted during this report
period are presented in the followiny paragraphs.
(1) Tests 2K-1-101 through 2K-1-10LA

Each of the initisl five tests evidenced chamber and’
injector manifold pressure oscillation, propellant weight flow oscillations, and -
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inordinately high pressure drops across the injector orifices. In an effort to
solve these problems, the oxidizer venturi menifold was removed from the feed
system and, as a check, the injectors were returned to the hydraulics laboratory
for redetermination of injector resiatances. Both efforts proved unnecessary,
since the injector resistances were found to be identical to the prefire values,
and further, the same type of oscillations were noied during test 2K-1-10LA,
which was conducted without the venturi header.

Following test -10LA, a series of cold flow tests
(using water) was conducted on the oxidizer feed circuit. Conclusions drawn
from these tests were as follows:

(a) The source of oscillations in the oxidizer feed
circuit was the cavitating venturi,

(b) 7. s controlling factor in predicting the magnitude
of the oscillations produced is the preassure drop across the venturi. (When
operating at a low pressurs drop/high recovery factor, the venturi produced an
oscillation of lowest amplitude.)

{c) Restriction of the flow both upstream and down=
stream of the venturi would harden. the system to facilitate a reduction in the
amplitude of the oscillations and to prevent initiation of oscillation by dis-
turbances from other sources,

(d) An orifice downstream of the venturi through
which most of the system AP can be obtained is necessary to allow the venturi

to operate at a high recovery factor.

Page 52




S L SR AR AT ARV P ALY, £

P P

Quarterly Report No. 11205-Q-k

The factors noted from the results of these culd flow
tests were incorporated prior to test 2K~-1-105. The oxidizer propellant lines
were reduced from l-in. tubing to 1/2-in. tubing. 4&1lso, orifices were placed in
both prcpellant lines at the injector inlet to allow operation of the cavitating
venturis at a high recovery factor. These orifices were sized when possible,
considering tank pressure limitations, to provide a total orifice-injector
pressure drop equal to or greater than one-half the desired chamber pressure
and thus satisfy the gain stability criterion.

(2) Testa 2K-1-105 through 2K-1-108

0f the following four tests, two, ons at a chamber
pressure of 500 psia and one at 1000 psia, were conducted successfully. The
remaining tests, both at a pressure lavel of 1500 psia, were unstable. In an
effort to solve the stability problem, the venturi was removed from the “20)4
side during test ~108 and replaced with an orifice. The resulting lack of oxidiszer
flow control during the start transient resulted in a pressure spike which
fractured the throat assembly and expelled the chanber liner from the engine.
Subsequent investigation of this latter test established
the fact that a method of positively controlling the transient propellant flow
rise rate into the chamber was necessary, The necesaity for modification of the
thrust chamber valves was apparent. The addition of the hydraulic pintle control

system previously discussed in Reference 3 was made before further testing was
conducted.
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(3) Tests 2K-1-109 through 2K-1-113

The five tests following valve modification were
successful with the exception of test 2K-.1-112, which was run at a pressure of
1500 psia. A review of all tests through 113, however, led to the conclusion
that, while the oscillation probl_em appeared to be solved, the erosion rates of
the phenolic engine components was toc excessive to warrant further use. Therefore,
ATJ graphite components were procurred before further testing was done.

(4) Tests 2K-1-113A through 2K-1-125

Despite the successful operation of a previous high

pressure test (2K-1-113), further testing showed that an oscillation problem
was persisting at chamber pressures above 1100 psia. nlﬂ.tec; success was achieved
with the relocation of the flow control venturis from their original location to
a new position immediately downstream of the thrust chamber valves. Despite
repeated successes at all other conditions, it was noted that the tests of a 93 L“,
32l contraction ratio engine, operated at a chamber i:ruaure of 1500 psia,
continued to be unstable. This particular test was, therefore, delayed. Through
test =125, valid data points had been attained for three tests at 500 psia chamber
pressure, two tests at a pressure level of 1000 psia, and two tests at a pressure
of 1500 psia and characteristic length (L) of 63 inches.

(5) Test 2K-1-126

This test, the first to be run at a contraction ratio

of 631, was successful in that there were no pressure oscillations and the erosion
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of the graphite hardware was not significant. As in past tests, both orifices

and venturis were used in each propellant feed line. The total pressure drop

. -weross the oxidizer orifice-injector combination was 736 psia; tFe drop across--

the fuel circuit was 196 psia. The chamber pressure attained was 1,92 psis.

As stated above, the erosion of the graphite was minor.
This represented a significant improvement over ths original phenolic hardware,
gince the engine length at this I* and contraction ratio was only 10 jinches. The
throat eroded approximately..060 inches in diameter during the three second
firing duration. The convergent and throat regions were entirely circular in

cross-section. No gouging of the divergent section was evident.

(6) Test 2K-1-127

This test, conducted at an i* of 93 inches, contraction

ratio of three, and chamber pressure of 1470 psia, was unsucdessful in that

preasure oscillations of 650 cps were noted. The pressure drop across the
oxidizer orifice-injector circuit was 738 psia; that across the fuel circuit

was 200 psia.

Since hardware erosion was minimal, both in terms of
graphite erosion and injector face damage, the engine was scheduled to be fired

at a later date.
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(7) Test 2K-1-128

This test was run to complete the mixture ratio survey
required during the sea lovel tests. The engine employed had an L* of 63 inches,
contraction ratio of 3, and was operated at 1465 psia chamber pressurs, The
mixture ratio achieved was 0.768. This test was successful in that there were no
evident osciliations in any pressure trace. Pressure drops across the propellant
injactor circuits were 900 pisa and 200 psia for the oxidizer and fuel sides
respectively.

Hardware erosior was evident in the thrcat (10% increase
in diameter) and on the injector face. The face pitting of the injector was

localized to those areas between orifices and. thus presented no problers that

S—

would preclude refire.

(8) Tests 2K-1-129 and 2K-1-120

The next two tests in the sea lsvel series were con-
ducted in an effort to achieve stable operation at ths condit;ona of 93 L", con=
traction ratio of 311, and chamber pressure of 1500 psia.. In both tests, the
pressure drop across the oxidiszer orifice-injector circuit was maximized to attain
the gain stabilisation criterion ?-é—P 21 discussed in past reports (References
2 and 3). This tactic was inertnctnil in both tests; oscillations of 700 cps
were observed in all pressure traces.

(9) Tests 2K-1-131 and 2K-1-132

Based upon the results of the previous two tesats, the
decision was made to rerun the large L’, high prescure angine with no venturis and -
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achieve stable engine operation when testing at the conditions of 1500 Pcy 93 I;*,
and 3:l contraction ratio. The second problem not mentioned previously was the
obsarved inconsistencies in the operation of the electrostatic precipitatore
usad as particle samplers. These problems, and their sclutions will be discussed
separately in the following paragraphs.

As discussed previously, results observed during test 2K-l-132
verified the existance of an injector-chamber 'dynamic.covpling which, under certain
conditions, resulted in unstable engine operation, Following this test, a complete
analysis of the injector dynamics. was. conducted. Using the anklytical techniques
of Reference 8, it was found that, for the 2K injectors operated at 1500 Pc, the
inertance of the oxidizer circuit, combined with the capacitibe effects of the
oxidizer manifold volume, resulted in a resonance frequency of 650 cps. Because
this resonance occurred downstream of the orifice, the pressure drop across the
orifice was ineffective in stabilizing the system. The fact that the osciilat:lom
were noted only when using the 93 L* chamber was due to the coincidental similarity
between the injector oscillatory frequency and the natural longitudinal mode
associated with the long engine. This similarity resulted in an inherent system
gain capable of amplifying the manifold oscillations and nullifying the injector
orifice resistance. This condition, peculiar to the particular injector-chamber
design and operating pressure, cannot be interpreted to imply high pressure com-
bustion instability. In fact, at the shorter lengths, the gain of the chambers
vwas low. The injector orifice resistance, then, was capable of isolating the
manifold resonance and thus provide stable operation.
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To solve the problem, extensive modifications to the injectors
would be required. It may be seen from Figure 17, a plot of stability zones
as a funtion of manifold volume and injector orifice pressure drop, that either
the oxidizer manifold volume would have to be reduced by a factor of 20 or the
inject:,or drop would have to be increased to 750 psi. Because either course
wouid significantly change the injector characteristics, direct comparison between
sea level data and subsequent altitude tests would be impossible. Therefore, |
further testing at the high-pressure, large L* condition was eliminated from
the test plan.

The second problem encountered was inconsistent operation of the
electrostatic precipitators. These samplers, chosen as the primary method of
particle collection based on their performance during the pre-experimental anslysis
phase, were employed during all sea level 215 tests in conjunction with a backup
series of evacuated Gelman filter samplers. Analysis of the samples collected
during initial tests showed heavy deposits in all regions of the precipitator
body. As testing progressed, it was noted that the deposits on the filter-paper
patches within the precipitator became thinner, even though no differences in
deposition of the aluminum sampling paddle could be determined: This phenomenon
persisted, even though the precipitator electrodes and power packs were replaced.
Subsequent monitoring of. the voltage across the precipitator showed the occurance

of repeated sparking, or discharge, within the sampler during a firin;. Reference (9)
states that this sparking, in some cases, significantly redistributed the particles
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collected on the sampling strip and, thus, precluded the measurement of a

valid particle sample.

Checks of the samples obtained on the Gelman filters showed
no deviation that could be attributed to a breakdown in the operation of the
precipitator units. Since previous analysis of collected particle samples
showed the Gelman filters to provide the same particle size and distribution
as the precipitator, the decision was made to discontinue analysis of the
precipitator samples and to evaluate only those samples collected from the
Gelman filters. j.‘he power units were subsequently removed from the outboard
sampling locations; for consistency between all tests, however, use of the
precipitator was continued at the middle location. This mode of operation had
no effect on the validity of the samples collected, since no consistent
variation in the resuli: obtained from each of the three filters could be
detected.
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C. TEST PROGRAM RESULTS
1. Gemeral

As of this reporting period, L2 sea level 2K engine tests
have been conducted. The basic engine operating conditions;, performance
levels, and ranarké as t.o the validity of each of these tests are
presented in Table IV, It may bé deen from this table that a large number
of the tests are assumed to be invalid because of cvhambar pressurs
oscillations and for severe hardware ervsion, lilo fina) performance data
or particle size information has been presented for these anomalous tests,

Tables V and VI present the results of those thirteen tests
designated in Table IV as being valid, Table V preseats the actual steady
state engire operating conditions as well as the attained levels of
performance; Table VI includes the values calculated for esach of the
pertinent engine losses associated with each valid test configuratien,

The majority of the losses presented in Table VI are
normally evaluated in the performance determination of any rocket engine
system, As expected, nozzle/chamber heat transfer and friction will
be influenced by the engine component design. The losses due to mixture
ratio distribution, energy releasze efficiency, and two-phase flow are,

on the other hand, influenced primerily by the injector type and thrust
chamber configuration.
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The gbjectives of this program require first determination
of the variability in applicable performance losses as a function of ‘engine
parameter, and second, to use the results to optimized engines of higher
thrust levels. The sea level tests discussed in this section represent
the completion of the first phase of these tasks., The following sections
present the observed trends in mixture ratio distribution, particle size
and two-phase flow loss, energy release loss, and overall engine efficiency
as a function of variations in the major engine configuration and operating
parameters, Analyées and experimentation to be conducted during the next
report period will utilize these results in verifying the scaleability
of the data and in predicting the performance levels of optimized 30K
and 100K systems,

2. Mixture Ratio Distribution Versus Variable Ergine Parameters

As seen in Table VI, the loss due to mixture ratio variation
across the injector face 15 not simifﬁmtly affected by variation in
the parameters investigated. The greatest deviance from a nominal value
occurs as the overall engine mixture ratio (w,/¥y) is varied from O.L
to 0.8, This is to be expected, since this parameter is the only one
in which variation would alter the respective flow characteristics through
the fusl and oxidiser orifices, In all cases, this loss was calculated
as representing less than 1% of theoretical engine performarce,

Page 71




—

Quarterly Report No. 11205-Q-4

3. Particle Sise Versus Variable Engine Parameters

The 1at row of Table VI shows the mass median mrticle
diameter that was measured from the particle samples collected during
each test. It is suspected at vhis time, based upon the results of
subsequent particle analyéis s that significant error may be present in
these reported paurticle sizes. It is anticipated,however,thav the
reported trends of particle size with engine parameters are valid.

The exhibited levels, may shift as corrected particle sizes are obtained,
However, significant changes are not expected.

Figure 16 shows a plot of ergine length (L) versus particle
diameters presented in Table VI, It may be seen that the particle size
tends to inorease with an increase in the length of the combustion chamber,
Such a relationship is repeated in Figures 19 and 20, which show particle
sise as a function of characteristic length (with constant comtraction
ratio) and contraction ratio (with constant L®) respectively, This trend
is consistent with the results of recent work performed by United Technology
Center (Ref. 10) and with the results of past investigations performed
at Aerojet-General Corporation (Ref. 11). In all cases, the trend of
increasing particle sise with an increass in engine length was observed,

Figure 21 shows the observed relationship between measured
particle sise and chamber pressure. It may be seem that no variation
in particle sise was detected as chamber pressure was varied from 500 to
1400 psia. This relationship is verified by the results of Dobbin's work
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(Ref, 10) and refuted by the results obtained by Sehgal (Ref. 10); each
using a different technique in particle exhaust analysis, The method

of exhaust sampling is expected to influence the results relative to

two phase flow loeses, As a consequence of obvious discrepancies between
methods used in oxhaﬁst sampling and because of the lack of a suitable
standard, it is difficult to ascertain the validity of reported data,
Work is continuing in an éffort to resolve this amomaly,

The observed relationship between particle diameter and

mixture ratio is presented in Figure 22, The mechanism of par%icle combustion

and growth that would explain this relationsip is not fully understood.
Several particle combustion characteristics can be conjectured. Under
conditions of relatively low chamber temperature (L0OOO=5000°R), an
aluminum-oxide coating can be formed around the injected particles which
inhibits the bturning rate of the metal and allows coated particles to
pass unburned through the nozzle. At higher temperatures, the aluminum
vaporizes and burns before the oxide can form; thus, particles must
reform through nucleation and condensation at some point in the thrust
chasber, These condensed-phase particles tend to be smaller than the
or‘lgimlly' injected particle. Since the 2K combustion temperature rangés
from SB00°R to 7400°R at mixture ratios of O.ki and 0.8 respectively,

it is poesible that the two regimes of buming characteristics have

been included,
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Another mechanism of particle growth that must be considered
in explaining the observed trend deals with the concentration of particles
present in the chamber and throat regions. This theory, presented by UTC
in Reference 12, states that the particles grow in the convergent and
throat regions due to agglomeration and coalescence, which in turn are
functioas of the density of the particles in these regions, Limited data
shows that the g‘r-eater the metal content of the propellant, the greater
the degree of agglomeration in the finite nozzle entrance, Thus, at a
mixture ratio of O.l, the measured particle size should be larger due
to the greater amcunt of gluminue injected into the chamber,

Pigure 23 silous the effect of aluminum content in the fuel
on measured particle size, The indicated decrease in particle diameter
with increased metal content is contradictory to the theory presented
in the previous paragraphs., Further analysis of the particles from these
tests must be made before a firm relationship can be stated,

L. Two-Phase Flow Loss Versus Variable Engine Parameters

The relationships between the peffornance loss due to particles
in the exhaust and the parameters L¥, contraction ratio, chamber pressure,
and mixture ratio are presented in Figures 2l through 27, It may be seen
from these figures that, as wculd be expected, the losses due to particles
exhibit the same trends as shown by the absolute particle sise versus a
given parameters. As stated previously, these curves are suspect until

verification of the particle sizes can be obtained,
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Se E’m;q Release Efficiency Versus Variable Engine Parameters

The energy release efficiencﬁr is a measure of the ability
of the injector elements to combine the prepellants in a fixed flow path
length, From this definition, it woulq be expected that variations in
parameters affecting the chambervllength would most affect the energy
release efficiency., Figures 28 through 31 substantieste this premise,

It may be seen from f’ignre 28 that the energy release loss increases
sharply ae the characteristic length is reduced below 60 in., (chamber
length less than 20 inches). Similarly, Figure 29 shows a significant
increase in enm'gylrelsa'selloss as the contraction ratio is increased
from 3 to 6 while holding L* constant., (This corresponds to a reduction
in chamber length of from 20 in. to 10 in,) this trend was anti‘éipated
early in the program when it was observed that, at the shorter engine
lengths, complete combustion was occurring in the convergent section
of the nozzle, resulting in exsessive hardware erosion (References 2
and 3). Optimization of this syetem would, therefore, consider the
trade-off in L* and contraction ratio in establishing an engine of
sufficient length to allow complete combustion within the chamber,

Figures 30 and 31, ERE as a function of chamber pressure
and mixture ratio respectively, show no variation that would exceed normal
experimental data scatter, It may be stated, therefoare, that these two

parameters have no significant effect on energy release efficiency,
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6. Total Engine Performance Versus Variable Engine Parameters

The variation in total engine performance as a function of
engine length, L®, contraction ratio, chamber pressure, mixture ratio,
and metal content in the fuel is shown in Figures 32 through 37. The
trends exhibited in the first three figures correlate with previous data
plotted as a function of engine length and those parameters affecting
length., While the upper 1limit on length has not been established, it
may be concluded from these results, that complete combustion with this
injector is not possible in an engine length less than 20 inches,

Figure 35, a plot cf chamber pressure versus engine psrformance,
shows the relative insensitivity of the system to changes (within the limits
considered) in operating pressure. Further data is required to ascertain
the gains that would be achieved with higher pressures and high-L* chambers,

The trend in performance as a function of mixture ratio,
shown in Figure 20, is as expected. The greater thermal energy associated
with the higher mixture ratios results in a rapidly increasing engine
efficiency. It should be noted, however, that meximum performance is
achieved at a mixture ratio lower than that corresponding to greatest
efficiency, This is due to the combustion characteristios as shown by
the theoretical apecific impulse versus mixture ratic (Figures 16, 17,
and 18 of Reference 1). It may be seen that maximum perfcrmance is

attainable at a mixture ratio of 0.6.
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Figures 37, a curve of efficiency versus aluminum content in the fuel,
1s consibhant with past investigations (Ref. 7) which cbserved macimm perfor-
ance to be achieved with fuels containing 33% Aluminum powder., This figure also
presents an estimate of the degree of experimental scatter present in the data.
It may be seen that the variation in specific impulse between the two tests at
each propellant extrame is approximately 0.5%.
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SECTION IV

HARDWARE MAINTAINABILITY AND DURABILITY

The previous quarterly report (Reference 3) presented a table of
12 sea level 2K tests with reference made in each case to the durability
exhibited by the hardware used, In addition, comments pertinent to.
hardware maintainability were made, Because all tests uubgequent to
those presented in the table utilized engine components of ATJ.Graphite,
and because the comments on handling of the hardware are still applicable,
no additional information can be included in this report. Reference is
mde to the third report for information pertaining to engine hardware
maintainability and duratility,
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SECTION V

CONCLUSIONS AND RECOMMENDATIONS

On the basis of the work accémplished as of this report period,
the following conclusions and recommendations are mades

A, CCNCLUSIONS

_ 1. In most cases, the effect of deleting all particles less
than (_)..S microns on the calculated particle mass median is insignificart ,
In those cases vhere intlusion of the particles appzars desi.rat;le, an
estimate of their number, rather than actual count, will suffice,

2. Significant errors in the calculated mass median are possible
when the method of counting employed considers an actual count of small
particles and only a small portion of the entire available sample, More
consistent results are attained when a minimum count of 1000 particles
0.5 microns and larger is employed.

3. Variances do exist in the particle results obtained using
an electron and an optical microscope. These variations are, in addition,
a function of the particular operator perfoming the analysis,

Lbo The measured particle size and consequent two-phase flow
performance losses appear to be mildly influenced by the chamber length
and operating mixture ratio. No apparent influence on these parameters
is exhibited by chamber pressure or aluminum content in the fuel,

S. The energy release efficiency of this particuiar injector/
chamber configuration is strongly influenced ny the absolute length of

the chamber, Lesser influence is exhibited by chamber pressure and mixture

ratio.
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6. Overall engine efficiency is primarily a function of length,
mixture ratio, and aluminum content in the fuel, No significant influence
is attributed to chamber pﬁ‘eaauro.

B. RECOMMENDATIONS

Based on analysis of raosults obtained as of this report period,
the following recommendations are mades

1, A re-znalysis of the particle samples collected during the
13 sea level 2K tests must be done in c':‘ompliance with new techniques and
procedures, Future test samples should be analyzed using both the electron
and the optical microscope to ensure that a full range of particle sizes
is observed,

2+ Tests included in the revised test plan should be continued
to evalmte the altitude performance and establish the influence of design
and operating parameters on performance losses at larger expansion ratios,
The differences in two-phase performance losses between sea level and
altitude nozzles must be ascertained befors reliable extrapolation of
existing data can be achieved,
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SECTION VI
. " PLANNED FUTURE WORK

The following activities are plamned during the fifth quarter of
this programs

A. Shipment and installation of all components necessary to 2K
and 15K simulated altitude testing at the Arnold Engineering Development
Center (Tullahoma, ITennessee) will be completed,

B, Twelve simlated altitude tests at the 2,000 1b thrust level
will be completed,

C. Simlated altitude testing at the 15,000 1b thrust level will
be initiated.

D, Particle sample analysis and performance analysis to determine
the effect of variable engine parameters on twa-phase flow losses and
overall performance will be continued,

'Bs Future work in the area of performance analysis will consist
first of a re-evaluation of the particle sises presented in a previous
section, Once the correqt particle size has been determined, the modified
data will be used in thq prediction of 2K and 15K simulated altitude
performance. Once this prediction technique has been verified, the final

data analysis will employ the results of both sets of data in the extra-

polation to enginaes of 30K and 100K thrust levels,
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